The durability of reinforced concrete structures is largely impacted by their transfer 6 properties, which can be evaluated through, for example, permeability measurement. Usually, 7 concrete permeability is studied on plain specimens and the effect of the presence of steel bars on 8 permeability in reinforced concrete has been little studied in the literature. The steel-concrete 9 interface presents a larger porosity than plain concrete, which can be the cause of preferential 
PO is the outlet pressure (the pressure at which the volume flow rate is determined, assumed 116 in this test to be equal to atmospheric pressure -N m -2 ).
117
For dried air at a temperature of 20°C, the dynamic viscosity μ may be taken as 1.83e -5 Pa.s.
Fig. 1: Experimental apparatus
The air flow was recorded every 15 seconds by the digital thermal mass flowmeter (Brooks at a given applied pressure, sufficient time was allowed for steady state flow to become established.
142
The steady state condition was verified with the curves of air flow versus time. In this study, the 143 time to reach steady state (TRSS) was short due to the transfer thickness (50 mm) [34] . The 
Experimental program

151
Different configurations can be used to measure the air flow through reinforced concrete specimens.
152
The transfer into the accessible pores and/or into cracks of the material can be analysed with the 153 specimen configuration illustrated in Fig. 2 . In this arrangement, the concrete around the reinforcement and/or the crack openings directly governs the measured air flow and the contribution 155 of the steel-concrete interface to the outlet flow, QO, cannot be isolated. 
172
The lengths of the reinforced bars in the samples were chosen in accordance to the concrete 173 aggregate size (16 mm). The impact of reinforcement on permeability was studied for different 174 degrees of saturation: 0%, 6%, 30%, 60%, 80%, 90% and 100%. The degree of saturation is 175 indicated at the beginning of the specimen reference when necessary (Fig. 4) . Concrete mix is given in Table 1 . Siliceous limestone aggregates were used. Silica contents of 186 aggregates were about 80 and 5% for the sand and the gravels, respectively. Specimens (ϕ=150 mm,
187
h= 200 mm) were cast in plastic moulds. Twenty-four hours after casting, they were removed from 188 their moulds and cured in lime water at a temperature of 20 ± 2 °C for at least 60 days. This long 189 time (60 days) in water was required to obtain a stabilized material regarding cement hydration [35] .
190
Lime water allows an increase of the pH and a limitation of carbonation and calcium leaching [36] ,
191
[37]. After curing, the samples (ϕ=150 mm, h=50 mm) were sawn from the original specimens and 192 the first 25 mm of both sides were removed to avoid skin effects (Fig. 5) . The samples were then The preconditioning of the samples is described in Table 2 . The specimens of concrete were dried 199 at four temperatures to reach the different degrees of saturation (Sr). They were first dried in an
200
oven at 40°C to achieve Sr equal to 80%, then at 50°C to reach Sr of 60%, then at 60°C to reach 201 30%, and again at 60°C to achieve the smallest saturation for this temperature (considered to have 202 been obtained when constant mass was reached, with a mass loss lower than 0.05% in 24 hours).
203
These three temperatures were used to decrease the risk of inducing thermal cracking associated 204 with drying at 105°C. If 105°C is considered as the reference temperature at which the degree of 205 saturation is assumed to reach zero, the specimen "dried" at 60°C actually contained an amount of
206
water corresponding an Sr of 6%. The saturation degree of 6% was studied to obtain the permeability 207 at the lowest saturation degree and to minimize the impact of thermal damage. Finally, to achieve a 208 fully dry state, samples were dried in an oven at 105°C until constant mass was reached (less than 209 0.1% change in mass in 24 hours). At each drying state, the samples were wrapped in aluminium 210 foil and put into the oven to allow the moisture to spread evenly in the material. complete sample including the steel bar.
225
The steel bars used were ribbed bars 14 mm in diameter. The ribbing of the steel surface was 226 expected to increase adherence and reduce the voids along the steel-concrete interface. four configurations under study (Fig. 4) . The results presented here were obtained on the samples 244 in the driest state: 0P1, 0R2/2, 0R3/2 and 0R5/3. The samples were taken at random. Two 
than 1% - is greater (R5 and R3),
270
-followed by the usual kinetics of fluid flow through plain concrete.
271
The plain samples showed no abrupt increase at the beginning but only the usual kinetics, as 272 expected.
274
The initial flow jump was due to the steel-concrete interface, which represented a defect regarding which did not show any significant differences (Table 3) . The difference was due to a preferential 286 pathway of gas transport into reinforced samples that was not sufficiently significant to show an 
Impact of steel-concrete interface on permeability
301
The permeability of samples was calculated from the flow rates in the steady state (Eq. 1). Fig. 7 302 shows the evolution of apparent and relative permeability as a function of saturation. The inlet 303 pressure was 2 bars. The results presented were similar at all test pressures (2, 3 and 4 bars).
304
As usual, the relative permeability was obtained from the ratio of the permeability at a given state ( Fig. 7) . The presence of reinforcement led to significantly increase the permeability of samples.
316
The permeability of reinforced samples R5 (reinforcement crossing the sample) were the highest, 
327
This means that the pathway formed by the interface and the cracks was larger and more connected 328 than the usual concrete pores. Consequently, they were desaturated even with the drying at 40°C,
329
while the rest of concrete was still in a high saturation state that did not allow gas transfer. At high 330 levels of saturation, such pathways had a greater impact on the gas transfer into the material.
332
Concerning the impact of the reinforcement, it is important to note the high standard deviation that 333 can be seen in the case of the reinforced samples completely crossed by steel bars while plain 334 concrete samples show little scatter ( Fig. 7-a) . This highlights the impact of the defect on flow paths.
335
These large standard deviations of the permeability of reinforced samples can be explained by the 336 heterogeneous nature of the steel-concrete interface [36] , which can vary greatly from one sample 337 to another according to casting (vibration), drying, and difference in verticality of the steels in the 338 concrete during casting. changed from 80% to 60%. At Sr = 80%, the TRSS was very small because it was due to transfer 376 in the defect only (which is very fast) since transfer in concrete was still zero. But at Sr = 60%, the 377 TRSS was relatively long for the plain sample (more than 40 min), because the connectivity of the 378 concrete percolating network was reduced by the presence of water and its tortuosity was increased.
379
Local pressure variations can be more difficult to clear out and impact TRSS. In reinforced samples,
380
the contribution of the concrete could be measured after the initial jump [8] and the TRSS increased due to the slow transfer in concrete as in the plain sample. Nevertheless, it was still the defect that 382 mainly controlled the gas transfer into the material at Sr = 60%. At Sr = 30% and 6%, the pores of the concrete were almost free of water, the air molecules thus 387 encountered less resistance to their movement in the concrete pores and the TRSS decreased 388 compared to the state Sr = 60% . However, although the TRSS of the reinforced samples for Sr 389 lower than 30% were lower than the TRSS for Sr = 60%, they remained higher than the TRSS for 390 Sr > 80%. In this case, water was not the only factor responsible for the resistance to flow in pores;
391 pore tortuosity and connectivity also had a greater impact. 
Concrete contribution to air flow kinetics
408
To analyse the contribution of concrete to the air flow through reinforced samples, the air flow 409 corresponding to the contribution of the interface and cracks (referenced Q1) was subtracted from 410 the curve. In order to determine the flow Q1, the plain concrete curves were first subtracted from the 411 reinforced concrete curves. As shown in Fig. 9 , the result of the subtraction, Q1, was quite constant 
Discussion
432
The different permeability zones in reinforced concrete are schematized in Fig. 11 . In the case of 433 R5, the interface crosses the whole sample and links the two sample faces. It can provide a transfer 434 pathway according to the nature of the steel/concrete interface ( Fig. 11-a) . For R2 and R3, the 435 interface does not link the two faces directly (Fig. 11-b) but the previous analysis has pointed out 436 that it can also lead to a preferential pathway between the two faces since abrupt increases in air 437 flow were observed in all reinforced R2 and R3 samples (Fig. 8) . The variation of the effect of reinforcement according to the degree of saturation can be quantified 441 in terms of permeability (Fig. 7) , in terms of relative air flows compared to the total flow QO (Fig.   442 12) or in terms of equivalent crack opening (Fig. 14) . The definition of the relative air flows in Fig.   443 12 is:
444
-Q1/QO, ratio between the flow due to the presence of the interface and the total air flow into 445 the sample,
446
-Q2/QO, ratio between the flow through the concrete and the total air flow into the sample 447 ( Fig. 12) . 
452
These observations can be analysed in three points:
453
-For saturated samples (Sr equal to 100%), the whole concrete porosity and steel-concrete 454 interfaces are filled by water and samples are totally impermeable to gas,
455
-At high degrees of saturation (Sr equal to 60% and 80% in the experiments), the permeability 456 of plain concrete is still zero (Fig. 7) , which is not the case for reinforced samples. This means 457 that steel-concrete adherence is not perfect and impacts gas transfer because of its direct 458 connection with the surface in the case of R5. In the case of the samples R2 and R3, it indicates 459 that there is not only the pathway created by steel-concrete interfaces but also a continuity of 460 the defect in the concrete below the steel (Fig. 11-b) , which can be induced by the presence in reinforced samples (Fig. 12) . This result has an implication for the durability of structures:
464 the concrete in situ is generally subjected to high levels of water saturation [43] , and the 465 percentage of transfer through concrete skin by cracks could be particularly high compared to 466 transfer through concrete (Fig. 12 ). It could be the main mechanism to be considered for 467 transfer through the concrete skins of structures. where it leads to tensile stresses in the concrete and to cracks. Consequently the pores can be 473 connected to the cracks and to the steel-concrete interface, the consequence being an increase 474 in gas transfer. These cracks were already present in reinforced samples for saturation degrees 475 between 60% and 80%. At low saturation degrees, shrinkage strains are greater and the 476 induced cracks grow, thus possibly increasing the contribution of the defect to the air flow.
477
However, the relative contribution of a defect decreases with decreasing degree of saturation
478
( Fig. 12) : for a low saturation state, the proportion of transfer in the concrete increases faster 479 than the contribution of the defect, except for a saturation degree equal to 0, for which the 480 contribution of the defect increases suddenly, probably because the high drying temperature
481
(105°C) between 6 and 0% leads to associated damage.
482
These phenomena contributed to the greater relative permeability of reinforced samples (Fig. 7) .
483
In order to complete this analysis, samples were observed with a video microscope (Keyence VH- did not cross the sample but were localized ( Fig. 13-b) as already observed by Mohammed and al.
490
[44]. With the precision of the apparatus used here, no detachment appeared anywhere around the reinforcement ( Fig. 13-a) . However, detachments with openings smaller than 10 μm may exist.
492
They would not be observable with this video microscope. The specimens would have to be sawn 493 for more precise apparatus to be used. This was not done since it could lead to the interface being 494 modified.
495
To quantify the opening necessary to obtain the measured permeability, equivalent crack openings During the test, the evolution of the flow is characteristic of the presence of different defects. To 506 quantify the impact of these defects on permeability, the tortuosity, the connectivity, the 507 constrictivity of the pore network, and the interactions between cracks and concrete porosity should Between 0 and 80% of saturation, two slopes can be distinguished in the variation of the defect 534 opening :
535
-A fairly constant evolution between Sr = 80% and 6%
536
-A marked change of gradient for the last drying between Sr = 6% and 0%.
537
This change for the lowest saturation degree could be due to notable damage occurring in the 538 concrete during the drying at 105 °C. The increase of the calculated opening w presented in Fig. 14 
539
globally quantifies the increase of transfer properties of the defect with drying. In reality, it may be 540 partially due to the increase of the opening but it is probably also due to the movement of water out 541 of the cracks and to the increase in crack connectivity, all of which all make transfer easier in the 542 samples.
543
All the calculated values of opening are close and lie below 7 µm whatever the assumptions on 544 the flow coefficient, ξ (Fig. 14) . Unlike the localized voids observed under the microscope (Fig. 13) , 
561
-the air flow through plain samples was still zero,
562
-the air flows through reinforced samples R2 and R3 were zero, and the equivalent opening 563 was thus zero for this saturation degree (Fig. 14) ,
564
-the air flow through reinforced concrete R5 was not zero and the equivalent crack opening 565 calculated was equal to the opening obtained for 80% (Fig. 14) .
566
Results on R2 and R3 indicate that the defects that crossed the samples at 80% no longer formed a 567 pathway for air flow at larger saturation degrees: the concrete below the steel bar (thickness: 20 mm 568 for R3 and 30 mm for R2) was not permeable to gas at 90% saturation and so resisted gas transfer 569 into the material. Results on R5 show that, apart from localized voids, there was actually a connected 570 interface between the steel bar and the concrete, which crossed the entire thickness of the samples.
571
Its equivalent opening was effectively smaller than 5 µm and could not be seen in the microscopic 572 analysis (Fig. 13) .
573
The impact of reinforcement bars on permeability studied in this work should be dependent on 574 numerous parameters (concrete composition, steel bars diameter, confinement pressure…). 
594
The results presented in this paper cannot be directly extended to water permeability. Indeed, (c) At high degrees of saturation (above 60% moisture saturation), the concrete-steel interface is the 634 main gas transfer vector in reinforced concrete; it is desaturated and connected to the surface while 635 the concrete remains impermeable to gas. It is important to model permeability in structures 636 subjected to a variety of environmental conditions. 637 638
(d) By representing the defect as a crack, the equivalent opening can be calculated from the air flow.
639
The evolution of the damage of the steel-concrete interface with drying is reflected by an increase 640 in the opening of the equivalent crack. Even small defects (equivalent opening of some micrometres) 641 are sufficient to obtain permeability twice that measured on plain concrete. This should be taken 642 into account in calculations used for prediction.
644
Finally, the present study opens up perspectives for the characterization and quantification of the 
